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dissolved CO2 manipulation experiments 
with natural phytoplankton communities 
from the Southern Ocean:












6	 shipboard	 pCO2	 manipulation	 experiments	 were	 performed	 in	 the	 Atlantic	
sector	of	the	Southern	Ocean	between	February	and	April	2008.	Acquisition	of	
dissolved	 inorganic	 carbon	 (DIC)	 along	with	 several	 parameters	 characterizing	
phytoplanktonic	 growth	 (particulate	 organic	 carbon	 (POC)	 and	 chlorophyll	
a)	 were	 examined	 over	 periods	 of	 9-14	 d	 in	 response	 to	 the	 following	 pCO2	
scenarios:	 last	 glacial	 maximum	 (~190	 μatm),	 present	 (~380	 μatm)	 and	
future	 high	 pCO2	 (~750	 μatm).	 Phytoplankton	 accumulated	 on	 average	
38	%	more	POC	when	grown	under	high	pCO2	and	nutrient-replete	conditions	
in	 comparison	 to	 microalgae	 grown	 at	 present	 pCO2.	 At	 190	 μatm	 pCO2,	
phytoplankton	 stored	 on	 average	 47	 %	 less	 POC	 than	 under	 present	 pCO2	
conditions.	 Phytoplankton	 grown	 under	 elevated	 pCO2	 also	 grew	 significantly	
faster	than	under	low	pCO2.	These	differences	in	growth	and	the	accumulation	
of	POC	could	not	be	correlated	to	the	preference	for	a	specific	dissolved	carbon	
species.	 Incubated	 phytoplankton	 upregulated	HCO3
-	 uptake	 in	 all	 treatments	
and	 the	contribution	of	 external	 carbonic	anhydrase	 (eCA)	 to	phytoplanktonic	
DIC	uptake	was	small	 in	all	cases.	However,	our	experiments	also	suggest	 that	
the	addition	of	dissolved	iron	(dFe)	might	significantly	change	phytoplanktonic	
DIC	 uptake	 compared	 to	 in situ	DIC	 acquisition.	We	 conclude	 that	 Southern	
Ocean	microalgae	under	complete	nutrient-replete	conditions	(N,	P,	Si,	Fe)	can	
conceivably	accumulate	more	carbon	under	future	high	pCO2	conditions.






much	 attention	 in	 recent	 years	 (Falkowski	 1994,	 Geider	 &	MacIntyre	 2002).	
Briefly	the	increasing	pCO2	in	the	atmosphere	is	by	air/sea	equilibration	driving	














Carbonic	 anhydrases	 (CAs),	 a	 group	 of	 enzymes	 that	 accelerate	 the	 otherwise	
slow	 chemical	 interconversion	 of	 CO2	 and	 HCO3
-	 are	 also	 often	 involved	 in	
increasing	 internal	 [CO2]	 (Sueltemeyer	 1998).	Whereas	 external	 CA	 (eCA)	 is	
commonly	considered	to	facilitate	the	production	and	subsequent	uptake	of	CO2	
at	intermediate	pH	(Falkowski	&	Raven	1997,	Sueltemeyer	1998,	Elzenga	et al.	
2000),	 the	 internal	CA	(iCA)	 is	 located	 in	multiple	cellular	compartments	and	
therefore	might	be	involved	in	different	metabolic	pathways	(Sueltemeyer	1998).










the	 costs	 of	 photorespiration	 (Raven	 1991).	Hence,	 ambient	 [CO2]	 as	 well	 as	
energy	 availability	 are	 considered	 to	 control	CCM	activity	 (Raven	 et al.	 2000,	
Beardall	&	Giordano	2002).





























plasticity	of	 the	preferred	DIC	species	 taken	up	 in	 response	 to	different	 [CO2]	
under	in situ	conditions.	
To	best	 of	 our	 knowledge	3	 studies	have	been	published	on	 the	physiology	
of	 Southern	 Ocean	 phytoplankton	 assemblages	 in	 response	 to	 experimentally	












The	goal	of	 the	present	 study	 is	 to	assess	 the	potential	of	natural	Antarctic	
phytoplankton	communities	to	adapt	their	DIC	acquisition	to	3	different	seawater	
pCO2	 regimes	 (defined	by	pCO2	values	of	190	μatm,	380	μatm,	750	μatm)	by	
quantifying	 the	 contribution	 of	 direct	HCO3
-,	 CO2	 and	 eCA-mediated	 uptake	
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of	 inorganic	 C	 to	 total	 phytoplanktonic	 DIC	 uptake.	This	 was	 achieved	 by	
conducting	 a	 series	 of	 6	 shipboard	 incubations	 in	 the	 Southern	Ocean	 during	








-)	 to	 the	 total	uptake	of	DIC,	
thus	decreasing	the	overall	metabolic	costs	for	carbon	uptake.	Consequently,	we	
expected	that	higher	[CO2]	would	stimulate	phytoplanktonic	photosynthesis	and	
as	a	 result	enhance	growth	rates.	Contrary	 to	 these	expectations,	we	show	that	
Southern	Ocean	 phytoplankton	 shifted	 their	 carbon	 acquisition	mechanism	 to	
HCO3
-	utilization	under	all	experimental	conditions.	Nevertheless,	cultures	(grown	







RV Polarstern	 during	 expedition	ANT	XXIV-3	 (10	 February	 -	 17	April	 2008;	
(Fahrbach	&	de	Baar	2010)).	Experiments	were	performed	at	different	locations	
in	 the	Atlantic	 sector	of	 the	Southern	Ocean	and	 lasted	 for	9	 to	14	days	each.	
Water	 for	experiment	A	was	 taken	at	 the	Greenwich	Meridian	 in	 the	Antarctic	
Circumpolar	Current	(ACC),	for	experiments	B	and	C	close	to	the	coastal	shelf	
of	the	Antarctic	continent,	for	experiments	D	and	E	close	to	the	ice	edge	in	the	









Maximum),	 380	 μatm	 (Present),	 750	 μatm	 (Future	 high))	 were	 mimicked	 by	





All	 sub-samples	were	 taken	aseptically	by	applying	a	 slight	overpressure	 to	 the	
headspace	of	the	culture	vessel.
At	t	=	0,	4	and	7	d,	3.6	nM	Fe	was	added	to	the	incubation	bottles,	in	order	





Manipulation of the CO2 system and phytoplanktonic growth in the 
experiments
Measurements	of	the	CO2	system	and	several	phytoplankton	growth	parameters	
in	 samples	 collected	 directly	 from	 the	 incubation	 bottles	 are	 described	 in	
Chapter	 3.	 In	 short,	 the	 concentration	 of	 dissolved	 inorganic	 carbon	 (DIC)	
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and	 total	 alkalinity	 (AT)	 were	 assessed	 on	 culture	 subsamples	 every	 other	 day	
throughout	 the	 experiments	 by	 combined	 coulometry	 and	 titration	 using	 a	
VINDTA	 3C	 instrument	 (MARIANDA,	 Kiel,	 Germany)	 with	 shipboard	
calibrations	 versus	 certified	 reference	 samples	 (for	 details	 see	 van	 Heuven	
et al.	 2011).	 Phytoplankton	 smaller	 than	 20	 µm	was	 counted	 daily	 using	 flow	
cytometry.	Algal	 viability	 and	 efficiency	 of	 photosystem	 II	was	measured	 daily	
on	 dark-adapted	 samples	 by	 a	 PhytoPAM	 fluorometer.	 Nutrient	 dynamics	
(phosphate,	silicate,	nitrate	and	nitrite)	were	assessed	daily.	On	t	=	0,	5,	7	and	





















experiments,	 known	 volumes	 from	 each	 duplicate	 were	 combined	 and	
concentrated	~100-fold	by	gentle	vacuum	filtration	(<	0.1	bar)	onto	2	μm	pore	
size	polycarbonate	filters	 (diameter	47	mm,	GE	Water	&	Process	Technologies,	




























To	 determine	 which	 parameters	 had	 the	 largest	 impact	 on	 phytoplanktonic	
DIC	uptake,	data	were	analysed	by	principal	 component	analysis	 (PCA)	using	
Aabel	 version	 3.0.3	 (Gigawiz	 Ltd.	 Co.,	Tulsa,	 OK,	 USA).	All	 other	 statistical	
analyses	were	performed	using	GraphPad	Prism	software	version	4.03	(GraphPad	
Software,	San	Diego,	CA,	USA).
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reSUltS
General description of the sampling sites
An	overview	of	chemical	and	biological	characteristics	of	the	sampling	stations,	at	
which	the	different	experiments	were	started,	is	given	in	Table	3.1	in	Chapter	3.	
Briefly,	 experiment	 A	 was	 the	 only	 experiment	 that	 started	 north	 of	
60	 ºS,	 showing	 a	 temperature	 >	 0	 ºC	 at	 sampling	 depth	 and	 typical	 nutrient	
concentrations	for	the	open	ocean	(Knox	2007).	Experiments	B	-	F	were	started	






Manipulation of the CO2 system in the incubations
The	 CO2	 system	 in	 the	 incubations	 is	 described	 in	 detail	 in	 Chapter	 3.	 In	
short,	aeration	of	the	incubations	with	commercial	CO2/air	mixtures	resulted	in	
significant	changes	of	the	DIC	concentration	as	well	as	the	[CO2]	of	the	seawater	




Effects of filtration procedure
In	 order	 to	 verify	 potential	 losses	 of	 biomass	 during	 the	 concentration	 step,	
pigment	 data	 from	 samples	 directly	 taken	 from	 the	 incubations	 (i.e.,	 before	
any	 concentration	 was	 performed,	 see	 also	 Chapter	 3)	 were	 compared	 with	
data	 from	 concentrated	 samples.	This	 comparison	 indicated	 that	 on	 average	
46	±	25	%	of	the	biomass	in	terms	of	total	Chl	a	was	lost,	mainly	picoplankton	
(<	2	μm).
To	 characterize	 the	 phytoplanktonic	 community	 after	 the	 filtration	 step,	
several	pigment	ratios	were	calculated.	The	pigment	19’-hexanoyloxyfucoxanthin	
is	 a	 marker	 pigment	 for	 Prymnesiophyceae	 such	 as	 Phaeocystis sp.	 and	 some	
Chrysophyceae	 (Jeffrey	 1997).	The	 pigment	 chlorophyll	 c3	 (Chl	 c3)	 is	mainly	
associated	 to	 haptophytes	 and	 some	 dinoflagellates	 (Jeffrey	 1997).	 Ratios	 of	
these	pigments	relative	to	fucoxanthin	(hexa:fuco	and	Chl	c3:fuco)	were	used	to	
estimate	the	abundance	of	prymnesiophytes	relative	to	diatoms.	A	high	hexa:fuco	






were	 0.38	±	 0.17	 and	 for	Chl	 c3:fuco	 0.53	±	 0.12	 in	 direct	 samples	 (a	more	
elaborate	description	of	phytoplanktonic	pigments	is	presented	in	Chapter	3)	and	
even	 lower	 in	 the	 concentrated	 samples	 (for	hexa:fuco	0.1	±	0.04	and	 for	Chl	
c3:fuco	0.18	±	0.07).	This	suggests	that	the	concentration	process	discriminated	
against	prymnesiophytes	and	 that	 the	community	after	concentration	consisted	





Also	 as	 a	 consequence	 of	 filtration	 losses,	 the	 absolute	 values	 of	 POC	 and	
photopigments	may	differ	between	concentrated	samples	and	samples	collected	
directly	from	the	incubations.	Where	possible	(i.e.,	for	POC	and	photopigments),	
we	 compared	 measurements	 from	 concentrated	 samples	 with	 samples	 taken	
directly	from	the	incubation	bottles.	
inorganic carbon acquisition
The	 contribution	 of	 uptake	 of	 HCO3
-	 to	 the	 total	 uptake	 of	 DIC	 increased	
significantly	in	the	incubated	seawater	samples	(Table	4.1;	one-way	ANOVA	with	
repeated	measures,	at	T1/2:	p	=	0.003	at	Tend:	p	=	0.01).	However,	no	correlation	













to	 the	 second	 principal	 component	 axis	 (highest	 loading	 factor	 was	 found	 for	
salinity:	 0.81)	 and	 for	 17	%	 to	 the	 third	principal	 component	 axis,	which	was	
dominated	by	the	concentration	of	dFe	(loading	factor:	0.83).

















































































































































































































































































































































































































































































































































































































































































































































































































Particulate organic carbon (POC)
At	the	end	of	the	experiments	phytoplankton	had	accumulated	significantly	more	
POC	 under	 high	 pCO2	 conditions	 than	 under	 low	 pCO2	 conditions	 (one-way	
ANOVA	with	repeated	measures,	p	=	0.023)	(Figure	4.2A	and	B).	 In	order	 to	
visualize	 the	 general	 effect	 of	 treatments	 to	 POC	 accumulation,	 we	 took	 the	
averages	over	all	 the	experiments	of	 the	POC	values	 from	each	of	 the	190	and	
750	μatm	treatments.	These	averages	are	subsequently	expressed	as	the	deviation	
(in	 %)	 from	 the	 POC	 concentrations	 in	 the	 control	 experiment	 (i.e.,	 at	 380	
µatm)	(Figure	4.3A	and	sB).	Direct	comparison	of	the	pCO2	treatments	revealed	
















< 10 % CO2
10 - 30 % CO2
30 - 50 % CO2
> 50 % CO2
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to	the	750	μatm	treatment,	but	not	for	the	190	μatm	in	comparison	to	the	380	
μatm	 treatment	 or	 the	 380	 μatm	 treatment	 in	 comparison	 to	 the	 750	 μatm	
(Tukey’s	multiple	 comparison	 test).	A	 significant	 linear	 trend	 from	 the	 lowest	
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Carbon uptake efficiency (Pc) and primary productivity (Pt)
Steady	 state	 carbon	 uptake	 rates	 (in	 DPM	 s-1)	 derived	 from	 isotopic	
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dISCUSSION

















However,	diatoms	are	an	 important	phytoplanktonic	group	 in	 the	Southern	
Ocean,	 sometimes	 accounting	 for	 >	 90	%	 of	 the	 phytoplanktonic	 community	
(Arrigo	et al.	1999,	Sarthou	et al.	2005).	Photopigment	data	and	ratios	(hexa:fuco,	
fuco:Chl	a	and	Chl	c3:fuco)	of	samples	obtained	directly	 from	the	 incubations	
bottles	 revealed	 that	 diatoms	were	 the	dominant	 phytoplanktonic	 group	 at	 the	
start	 of	 the	pCO2	manipulation	 experiments	 (showing	 a	 higher	uptake	 of	CO2	






DiC acquisition in the incubations
Since	 the	 uptake	 of	HCO3
-	 is	 costly	 for	microalgae,	 it	 would	make	 sense	 that	
phytoplanktonic	DIC	acquisition	is	modulated	by	the	encountered	[CO2].	Hence,	










The	 principal	 component	 analysis	 (PCA)	 indicates	 that	 the	 significant	
increase	of	bicarbonate	uptake	 in	 the	 incubations	 is	associated	with	 the	overall	
resource-replete	growth	conditions	in	the	incubations	compared	to	the	situation	
in	 the	field.	Nutrient	concentrations	 (in	particular	nitrate,	phosphate	and	dFe)	
explained	more	 variation	 in	 phytoplanktonic	DIC	uptake	 than	did	 [CO2].	The	
underlying	mechanism	 for	 this	 observation	might	 be	 that,	 although	 the	 active	
uptake	of	HCO3
-	demands	energy	 in	comparison	 to	 the	diffusive	entry	of	CO2	
(Raven	1991),	the	addition	of	dFe	and	the	relatively	high	light	conditions	in	the	
experiment	 stimulated	growth	rates	 in	 the	 incubations.	Under	 these	conditions	
the	carbon	demand	of	cells	has	likely	increased,	whereas	the	increased	dFe	and	

















POC accumulation and growth rates in the incubations















These	 growth	 rates	 compare	well	with	 the	 averaged	growth	 rates	derived	 from	
cell	 counts	 (<	 20	 μm)	 and	 are	 in	 accordance	 with	 other	 studies	 on	Antarctic	
phytoplankton	in	which	Fe	was	enriched	(van	Leeuwe	et al.	1998,	Timmermans	
et al.	1998).	











have	 a	 comparable	 effect,	 but	 have	 not	 been	measured	 over	 the	 course	 of	 our	











Effects on the biological pump
In	general,	faster	growth	represents	a	stimulation	of	the	biological	pump	(export	of	
C	to	the	deep	ocean	by	means	of	dying	phytoplankton	and	hence	sinking	organic	
matter),	 and	 as	 a	 result	 removal	 of	CO2	 from	 the	 atmosphere.	However,	 these	
processes	additionally	depend	on	other	biological,	chemical	and	physical	factors,	
such	as	microbial	activity,	ocean	currents	and	upper	mixed	layer	(UML)	depth.	





experiments	 in	 concentrated	 samples	 and	 samples	 collected	 directly	 from	 the	












indicating	 that	Fe	overrules	not	only	 light,	but	also	pCO2	 in	 the	stimulation	of	
phytoplanktonic	 growth	 from	 the	 Southern	Ocean.	This	 view	 is	 supported	 by	
a	multifactorial	 experiment	of	Feng	 et al.	 (2010)	 in	 the	Ross	Sea.	The	authors	
manipulated	 pCO2,	 Fe	 and	 irradiance	 and	 concluded	 that	 phytoplanktonic	
community	structure	and	physiology	was	much	more	susceptible	to	manipulation	
of	Fe	and	irradiance	than	to	changes	in	pCO2.	Iron	enrichment	increased	biomass	




Recommendations for future experiments





all	 previous	 pCO2	 manipulation	 experiments	 investigating	 inorganic	 carbon	





suitable	 for	manipulated	pCO2,	with	 reported	dissolved	Fe	 in	 the	0.1	 to	1	nM	
range,	but	did	not	measure	phytoplanktonic	carbon	acquisition.	In	other	words,	
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our	findings	are	comparable	with	previous	studies	of	Tortell	(2008b,	2010),	who	
described	 an	 overall	 high	 contribution	 of	HCO3
-	 to	 total	DIC	 uptake,	 but	 no	
significant	differences	 in	the	DIC	species	 taken	up	between	the	different	pCO2	
treatments.	The	 results	 obtained	 under	Fe-replete	 conditions	 on	 the	 one	 hand	
may	be	seen	as	representative	for	nearshore	Antarctic	waters	with	relatively	high	
dissolved	Fe.	On	the	other	hand	the	results	probably	do	not	resemble	the	in situ	
situation	 of	 the	 open	waters	 of	 the	Antarctic	Ocean	 and	might	mask	 some	 of	
the	 physiological	 responses	 to	 increasing	 [CO2]	 in	 seawater.	Hence,	 it	 remains	
of	great	interest	to	manipulate	pCO2	under	the	experimentally	very	challenging	
very	 low	natural	 open	ocean	Fe	 conditions	 (0.01	 to	 0.3	nM)	 to	 further	 assess	
biologically	driven	feedbacks	to	rising	atmospheric	CO2.	Alternatively,	one	may	
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